The metabolism of benzylpenicillin (PCG) in isolated rat hepatocytes was investigated. The evidence of metabolizing activity for PCGin hepatic cells was obtained as follows; the disappearance rate of PCGfrom the incubation mediumfollowed Michaelis-Menten kinetics and was dependent on the cellular protein concentration, while PCGdid not disappear when it was incubated with cells denaturated by heat. The rate of disappearance of PCGwas reduced significantly in the presence of the structural analogue of PCGsuch as phenoxymethylpenicillin in the incubation medium. The major metabolite of PCGwas identified, by high performance liquid chromatographic analysis, to be penicilloic acid (PA) of PCG. A kinetic model describing the intra-and extra-cellular concentrations of PCGand PA was developed. The proposed model fitted well the time course of changes in the concentration of PCGand PA. The clearance of the uptake of PCGby isolated hepatocytes was evaluated to be about 23-times greater than that of metabolism of PCG. 
To clarify the mechanism of the biliary excretion of /3-lactam antibiotics, the mechanism of uptake of the antibiotics by isolated rat hepatocytes has been studied in our laboratory.1"^The uptake system is composed of saturable carrier-mediated and non-saturable passive diffusion processes.10 Although the amino-/3-lactam antibiotics such as ciclacillin, cephalexin and cephradine are transported via a peptide carrier in the brush-border membrane of the intestine4~6) and kidney,7>8) all types of /3-lactam antibiotics transport through a commoncarrier system in the liver, which shares the same affinity site with organic anions.2>3) However, we failed to find factors for determining the biliary excretion. /3-Lactam antibiotics taken up by hepatic cells are presumed to undergo the following fate; intracellular binding, metabolism and release through the sinusoidal and/or bile canalicular membrane. With respect to the intracellular binding of^-lactam antibiotics, the important role of the organic anionbinding protein, ligandin, has been well documented.9>10) In contrast, the metabolic fate of /3-lactam antibiotics in the liver is still unclear. Several investigators have analyzed the metabolites of /3-lactam antibiotics in urine after oral or intravenous administration to animals11~13) or man.14»15) Since not only the /3-lactam ring but the moiety of the side chains at the 6-position of penicillins and at the 3-and/or 7-position of cephalosporins are easily bio-degraded in several tissues (small intestine, gut content and kidney) as well as the liver, these investigatorsll"110 did not necessarily focus on the metabolism in the liver. Kind et al.1Q) and Couillard et al.17 ) demonstrated the loss of antimicrobial activity of /3-lactam antibiotics, respectively in isolated per fused liver and liver homogenate. However, the detailed fate and the mechanismof inactivation of these antibiotics have not been elucidated as yet.
Isolated hepatocytes provide a useful tool for studying not only hepatic transport but also the metabolic aspects, as they maintain the membraneintegrity and satisfy their co factors needed for metabolism. Because of this benefit, many studies of hepatic transport and metabolism of drugs APR. 1987 have been done with this system.18~21)
The purposes of the present study are to find evidence for the existence of metabolism of /3-lactam antibiotics in the liver and to analyze the kinetics of the transport and metabolic aspects of the antibiotics, especially benzylpenicillin, in isolated hepatocytes.
Materials and Methods

Materials
[14C]Benzylpenicillin (54 mCi/mmol) and [14C]inulin (5 mCi/rnmol) were purchased from Amersham International Ltd., Amersham, U.K. Collagenase (Clostridiopeptidase A) was purchased from Boehringer-Mannheim GmbH,Mannheim, FRG. Bovine serum albumin (BSA), fraction-V was purchased from Sigma Chemical, Co., St. Louis, MO, U.S.A., and silicon oil (d=1.05) from Aldrich Chemical Co., Milwaukee, WI, U.S.A.
The^-lactam antibiotics used in this work were kindly supplied as follows; ampicillin (ABPC) from Takeda Chemical Industries, Ltd., Osaka, Japan; benzylpenicillin (PCG) and phenoxymethylpenicillin (PCV) from Meiji Seika Kaisha, Ltd., Tokyo, Japan; cefpiramide (CPM) from Sumitomo Chemical and Industrial Co., Osaka, Japan, and Yamanouchi Pharmaceutical Co., Ltd., Tokyo, Japan.
All other reagents were of reagent grade and were used without further purification.
Preparation of Isolated Rat Hepatocytes Isolated hepatocytes from male Wistar rats weighing 270~320 g (Sankyo Labolatories Co., Toyama, Japan) were prepared according to the procedure of Moldeus et al.22) The washed cells were dispersed in incubation medium containing bovine serum albumin 2%, NaCl 118 mM,KC15.0 mM, MgSO41.2mM, glucose 10mM and CaCl2 2.5 mM, buffered with KH2PO4 1.2mM, NaHCO3 25 mM and 4-(2-hydroxyethyl)-l-piperazine ethanesulfonic acid 13 mMto pH 7.4, equilibrated with 95 % O2/5% CO2 and kept at 4°C until use. The viability of each cell preparation was routinely checked both by the lactate dehydrogenase latency test and the trypan blue staining. The detailed procedures of cell isolation and the viability test were described previously.1}
Metabolism Studies One-milliliter quantities of hepatocyte suspension containing approximately 30 mgof cellular protein were incubated with shaking (130 cycles/minute) at 37°C for 5 minutes. The metabolic reaction was initiated by the addition of 1 ml of PCGsolution dissolved in incubation mediumwithout BSAinto the preincubated cell suspension to produce the desired concentration of PCG. For the study of inhibitory effect, each inhibitor was added at the initiation of the metabolic reaction.
To terminate the metabolic reaction, the following two methods were used. In the first method, samples (0.2 ml) of the cell suspension were taken at 0, 5, 15, 30, 45 and 60 minutes, transferred to 1.5-ml plastic microcentrifuge tubes containing 0.2 ml of acetonitrile to stop the metabolic reaction, mixed well and finally placed in an ice-cold bath. These samples were centrifuged at 15,000 x g in an Eppendorf microcentrifuge (Type 5412, Eppendorf Co.) for 15 seconds, and the resultant supernatants were kept frozen until they were analyzed. The treatment of the cells with acetonitrile did not produce any significant precipitation of PCGfrom the reaction medium.
In the second method, since it is difficult to detect the amounts of intracellular PCGand degradative products of PCGby monitoring the UVabsorbance, [14C]PCGwas used to determine separately the intra-and extra-cellular concentrations of PCGand its metabolic products. Samples (0.2 ml) of the cell suspension containing [14C]PCG and its metabolites were taken at 1, 2, 5, 10, 20, 30 and 60 minutes and transferred to 0.4-ml plastic microcentrifuge tubes containing 100 iA of silicon oil and 50 /A of 3 m KC1. Immediately after centrifugation at 15,000xg for 15 seconds, the mixture was frozen by placing the tube in a dry-ice/ethanol bath. The resultant supernatant on the silicon oil was used to determine the extracellular concentration of PCGand its metabolite and deproteinized by mixing it with acetonitrile at a volume ratio of 1 : 1 and centrifuged at 15,000xg. The cells precipitated in 3 m KC1solutions were immersed in 0.3 ml of distilled water in a 1.5-ml plastic microcentrifuge tube, and sonicated to release the intracellular substrates. An aliquot of 0.2 ml of the sonicated cell suspension was transferred to a 0.5-ml plastic microcentrifuge tube containing 0.2 ml of acetonitrile, mixed well to precipitate protein and centrifuged at 15,000 xg. The resultant supernatant was used to determine the intracellular substrate concentration. The extracellular water content of the hepatocytes was corrected from the values determined by incubating the cells with [14C]inulin in each experiment. The intracellular volume used for calculation was 2.5 /4/mg of protein.23) All studies were performed within 4 hours after cell isolation. Cellular protein was measured by the method of Lowry et al.M) with BSAused as a standard.
Analytical Procedure
The prepared samples were filtered through a membrane filter (Type HV, 0.45 jwm, Nihon Millipore Ltd., Tokyo, Japan). The PCGconcentration in the sample obtained by the first method was determined by high performance liquid chromatographic (HPLC) assay. The HPLCsystem was equipped with a constant flow pump BIP-I, variable-wavelength UVdetector UVIDEC100-III (Japan Spectroscopic Co., Tokyo), and a Chromatopac C-R3A recorder-integrator (Shimadzu Co., Kyoto, Japan). The analytical column used was a reversed phase column,^Bondapak C18 (30 cm x 3.9 mm, Waters Associate Inc., Milford, MA, U.S.A.) packed in this laboratory. A pre-column, C18/Corasil (3 cm x4 mm,Waters Associate) was used to guard the analytical column. The mobile phase was a mixture of acetonitrile -acetic acid -water (35 : 0.05 : 65) containing 0.01 m tetra-iV-butylammonium bromide and 0.01 m ammoniumacetate. The flow rate of the mobile phase was 1.5 ml/minute and the eluent was monitored at 230 nm.
In the experiment carried out by the second method, both extra-and intra-cellular substrate concentrations were determined from the radioactivity of the fractions separated by HPLC.The prepared samples were applied to the HPLCsystem under the same conditions as in the first method except for the use of a constant flow pump LC-5A (Shimadzu, Co.). Fractions (0.4~0.8 ml) of the eluent were collected directly into scintillation vials containing 10 ml of scintillation fluid (ACS II, Amersham). Radioactivity of each fraction was determined by an Aloka LSC-671 liquid scintillation counter (Aloka, Japan).
Data Analysis
The data were analyzed with a FACOM M-360 AP digital computer (Information Processing Center, Kanazawa University, Kanazawa, Japan). The kinetic parameters for the metabolism and simulation studies were estimated by a nonlinear least-squares regression analysis program, NONLIN.25)
Results
PCGat an initial concentration of 0.1 him was incubated with isolated rat hepatocytes varying the amounts of cellular protein. The disappearance of PCGfrom the incubation mediumwas depending in a linear manner with respect to the cellular protein concentration. WhenPCGwas incubated with cells denaturated by heat (100°C, 5 minutes), PCG did not disappear from the reaction medium.
The relationship between the concentration of PCGand the rate of its disappearance from the reaction mediumis shown in Fig. 1 as a Lineweaver-Burk plot. The rate of disappearance of PCG was estimated from the linear regression analysis of the amount disappeared at 5, 15, 30, 45 and 60 minutes and was expressed as the amount of PCG(nmol) disappeared per minute per mg protein.
The result indicates that the rate of disappearance of PCGis saturable and appears to follow MichaelisMentenkinetics. Fromthe nonliniear least-squares regression analysis, the maximum rate of disappearance of PCG (Vmax) was estimated to be 0.68 ±0.03 nmol/minute/mg of protein (mean±SD) and the Michaelis constant {Km) by using the initial extracellular concentration to be 953±83 jum. Table 1 shows the rate of disappearance of 0.1 mMPCGfrom the reaction mediumin the absence and the presence of CPM,ABPCor PCVas inhibitors at the concentration of 2 mM.The results are centage of control. These three /3-lactam antibiotics also reduced the uptake of PCG by hepatocytes to 53.0±1.6, 52.8±2.9 and 22.2±1.9 percentage of control. If competition between PCGand inhibitor occurs at the metabolic step, the extent of inhibition in the metabolism should be larger than that in the uptake by hepatocytes. In the case of ABPCand CPM,the extent of inhibition of disappearance of PCGwas not significantly different from that in the uptake of The value indicated by * is significant when compared with each inhibitor group (P<0.05). The number of experiments performed was three to seven. PCGby hepatocytes. On the other hand, PCVinhibited the disappearance of PCGmuch more than the uptake of PCG by hepatocytes, the difference being significant (P<0.05). Fig. 2a shows the fractionated high performance liquid chromatogram of 14C-radio-labeled compounds after reaction of [14C]PCG with hepatocytes for 30 minutes. Fig. 2b shows the chromatogram which was monitored with UVabsorbance at 230 nmfor authentic samples of PCGand its penicilloic acid (PA) prepared by the procedure of Schwartz and Delduce.26) The two major peaks detected in Fig. 2a correspond to the peaks of PCGand its PA in Fig. 2b , judging from their retention times. The chromatographic analysis, therefore, indicates that the disappearance of PCGfrom the incubation mediumwas caused by the degradation of PCGto its PA.
A hypothetical model for the disposition of PCGin the isolated hepatocyte system is illustrated in Fig. 3 . The disposition is assumed to undergo the following multiple steps. PCG,which is added to the reaction mediumat the initiation of the metabolic reaction, is taken up by hepatocytes in a saturable rate process (Kt and Vt) and a non-saturable first-order rate process (kd).D Since the metabolite of PCGcould not be detected in intracellular mediumat the early stage of the reaction, metabolism is assumed to occur only in intracellular space. Consequently, a part of the intracellular PCG is degraded into PA of PCGand the rest flows out of the cells. The PA formed in the cells crosses the cell membrane and diffuse to the surrounding mediumand back again into intracellular space. The step of degradation of PCGto PA follows Michaelis-Menten kinetics (Km and Vm)as verified in this study. The back-fluxes of PCGand the formed PA into the surrounding extracellular medium and the influx of PA into hepatocytes follow apparently the first-order rate processes (k1? k2, k3).
From these assumptions, the following mass-balance differential equations can be described. Each point represents the mean±S.E.M. of three experiments or meanof two experiments. The intracellular volume used for calculation was 2.5^1/mg of protein. Solid lines are the concentrations predicted from the proposed model using the estimated parameters listed in Table 2 . Fig. 1, multiplied by the mean concentration ratio of intracellular/extracellular concentrations at steady-state and corrected extracellular unbound fraction (see in the text). d The value estimated by the least-squares nonlinear regression analysis of the data in Fig. 1 . e The value estimated by the least-squares nonlinear regression analysis of the experimental concentrations ofCl5 C2, C3 and C4. f The value was determined experimentally. » The value was obtained by 200 pi -V2. ll The value was based on 2.5^1/mg of protein.
where Q, C4, C2 and C3 are the concentrations of extracellular PCG and PA and intracellular PCG and PA, respectively. P is the amount of cellular protein in the reaction medium. Vx and V2 are the volumeof extra-and intra-cellular compartments, respectively.
Figs. 4a and b show the observed and predicted time courses of changes in intra-and extra-cellular concentrations of PCGand PA, respectively. Table 2 shows the parameters used for the prediction. The values of Kt, Vt and kd were those reported previously from this laboratory.0 The Km(3.60± 0.314 him) used was estimated by using the value obtained from Fig. 1 and/or metabolism by some types of enzymes in the liver. However, since at a neutral pH the rate of chemical degradation of PCGis very Iow28>29) and the concentration of glutathione is too low (about 10 mM30)) to catalyze the PCGdegradation,27) the possibility of non-enzymatic degradation is unlikely. The facts that the increase in the rate of disappearance of PCGfrom the reaction mediumwith the increase in cellular protein concentration and the lack of disappearance of PCGin the suspension medium with cells denaturated by heat strongly indicate the participation of some kind of hepatic enzymes in PCGmetabolism.
The metabolite identified from the retention time in HPLCanalysis of the reaction sample was PA of PCG. PA accounted for more than 90% of the radioactivity remaining in the incubation mediumexcept for intact PCGafter 30 minutes of reaction. No apparent peak corresponding to the retention time for 6-aminopenicillanic acid, which has been suggested by Kind16) as one of the metabolite of PCGin liver, was detected. Consequently, in this kinetic study, PA is pre-sumed to be the exclusive metabolite of PCGin the liver. As seen in Fig. 1 , the rate of metabolism of PCGto PAwas saturable and followed the Michaelis-Menten kinetics of enzyme reaction. This saturation kinetics in the rate of disappearance of PCGsupport the idea that the hepatic enzyme has the ability to metabolize PCGto PA in the similar manner that /3-lactamase does.
In general, competition between a substrate and its structural analogue is observed in an enzymatic reaction. The inhibitory effect of PCV, ABPCand CPMon PCG metabolism (Table 1) are summarized as follows; both ABPCand CPMcan inhibit the uptake of PCGby hepatocytes as reported previously1*^and the extents of inhibition between metabolism and uptake, were determined to be almost the same. Therefore, the apparent inhibition of metabolism by ABPCand CPMis thought to be caused by reduction in the cellular uptake of PCG. It is reasonable to consider that CPMdoes not compete with PCGfor the metabolizing enzymefrom the fact that no metabolites of this antibiotic are knownto be present in rats.31) ABPCis expected to compete in the metabolic reaction with PCG, since in vivo inactivation of this antibiotic has been reported. The absence of an inhibitory effect of ABPCon the metabolism of PCGseems to be due to the reasons that the affinity of ABPCfor the metabolizing enzyme is low in comparison with that of PCG, and/or to that ABPChas a different metabolic pathway from PCG. The inhibitory effect of PCVon PCGmetabolism was significantly greater than that on PCGuptake by hepatocyte. This finding suggests that PCVcompetes in the step of metabolism of PCGas well as in the step of the uptake by hepatocytes, as metabolism of PCV to its PA has been reported.15) The observed competition in the rate of degradation in the presence of substrate analogue also supports the idea that the degradation of PCGis caused by metabolism by hepatic enzymes.
From the present kinetic study showing the trans-membrane exchange and metabolism of PCG (Fig. 3) , the time courses of changes in the intracellular/extracellular concentration ratios (C/M ratio) of PCGand PA can be evaluated. The value of (k3V1)/(k2V2) is about 17, which correspond to the C/M ratio of PAat a steady-state and is very high, suggesting that transport of PAinto the liver cells is active process. In the case of PCG,a constant C/Mratio was obtained to be 4.2 after 5 minutes of the reaction and was significantly higher than 1. Furthermore, the C/Mratio of PCGat steadystate reduced remarkably to 45.7, 14.3 and 54.2 percent of control in the presence of ABPC, PCV and CPM,respectively. These results suggest that PCGis actively translocated through hepatic membrane.
The clearance of the uptake (Vt/Kt) by hepatocytes is about 23-times greater than that of metabolism (Vm/Km)of PCG. Therefore, the rate limiting step of the reaction observed in the disappearance of PCGfrom the hepatic cell suspension is considered to be in the step of metabolism and not in the step of uptake by hepatocytes.
In summary, we clarified the metabolizing ability of PCGin hepatic cells, and successfully developed a kinetic model which can describe the time courses of intra-and extra-cellular concentrations of PCG and PA.
